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A B S T R A C T   
Hydrolysis of rice bran protein (RBP) using a physical-enzymatic combined method (ultrasound-Alcalase) was 
carried out. The RBP was extracted using an ultrasound-aided alkaline extraction method and then the extract 
was hydrolysed. Furthermore, ultrasounication was used prior to Alcalase hydrolysis (pH 8.5, 10 min, 55 ◦C). 
Two variables were considered to operate the ultrasonication: power (50, 100 and 150 w) and duration of the 
treatment (10, 25 and 40 min). The results showed that the degree of hydrolysis (DH%) was increased with 
increasing the power and the duration. The highest DH (27.35 ± 0.45%) was associated with the hydrolysates 
obtained by ultrasonication (150 w, 40 min)-Alcalase combined treatment. The optimal condition for the 
ultrasonication was found at 50 w-10 min, where the bioactive peptides (BAPs) had the highest 2,2-diphenyl-1- 
picrylhydrazyl free radical (DPPH•) scavenging activity (86.55 ± 1.17%) and lipase inhibitory activity (57.57 ±
0.91%). The hydrolysates obtained at the optimized condition were studied in terms of physicochemical and 
structural properties. The mass distribution of the materials was studied using the high performance liquid 
chromatography (HPLC) showing a lower molecular weight proteins and peptides for all generated hydrolysates 
compared to non-hydrolysed samples. The results were in agreement with the results of DH analysis and sodium 
dodecyl sulfate polyacrylamide gel electrophoresis. Ultrasonication enhanced the effect of enzyme hydrolysis by 
affecting the structure of the proteins. This was confirmed by the structural investigation using fourier-transform 
infrared spectroscopy and ultraviolet–visible spectrophotometry. Using ultrasound in different conditions prior 
to enzymatic hydrolysis influenced in the biological properties of the BAPs generated from RBP.   
1. Introduction 
Bioactive peptides (BAPs) are the fragments of proteins mainly 
consist of 2–20 amino acids (AAs). These peptides possess health- 
promoting and disease risk-reducing effects. BAPs result in a variety of 
functions such as antioxidant, antihypertensive, lowering blood 
cholesterol, antimicrobial and anticoagulant properties (Jahanbani 
et al., 2018; Mirzapour-Kouhdasht, Moosavi-Nasab, Krishnaswamy, & 
Khalesi, 2020; FitzGerald, Cermeño, Khalesi, Kleekayai, & 
Amigo-Benavent, 2020; Mirzapour-Kouhdasht, Moosavi-Nasab, Kim, & 
Eun, 2021). Their properties depend on the composition and the 
sequence of their AAs. BAPs are released as a result of hydrolysis of 
proteins. The sources of BAPs are divided into three categories: animal, 
plant and microbial sources. Demand for BAPs from plant origin has 
been increased due to the consumer awareness on the human health, 
food safety concerns, animal welfare, environmental sustainability and 
lower costs (Chalvon-Demersay et al., 2017). 
Among plant sources of BAPs, cereals have long been a major part of 
human diet worldwide. During processing of cereals, a large amount of 
co-product is produced annually, only a small proportion of which is 
used for animal feeding and bioenergy production. Although these co- 
products contain a large amount of valuable compounds such as fi-
bers, lipids, phenolic compounds, proteins and peptides, a majority of 
them are practically discarded without valuable use (Cherubini, 2010; 
Javed et al., 2012). Therefore, the efficient utilization of cereal 
co-products as a low-cost source of bioactive compounds is an 
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economically viable and environmental friendly activity. Rice (Oryza 
sativa L.) is an important source of human nutrition, thus a massive 
quantity of rice is processed annually (~650 million tons). During the 
production of white rice from the brown rice, around 30% of the product 
is wasted, from which ~25% is rice bran (RB) (Phongthai, Homtha-
wornchoo, & Rawdkuen, 2017). RB contains moisture (10–15%), lipid 
(12–22%), protein (11–17%), carbohydrates (15–18%), fiber (6–14%) 
and minerals (8–17%). RB is also considered as a source of vitamins E, 
thiamine, niacin and phenolic compounds with suitable biological and 
nutraceutical properties (Liu, Strappe, Shang, & Zhou, 2017). 
A number of biological, chemical and physical hydrolysis methods 
have been used for the generation of BAPs from protein-containing food 
sources. Chemical hydrolysis includes acidic and alkaline treatments. 
While the chemical methods are low cost, simple and fast, the produc-
tion yield of BAPs having high bioactivity from this method is low. This 
may be associated with non-specific nature of chemical treatments. In 
addition, several undesirable substances have been found to be gener-
ated alongside peptides. Biological hydrolysis involves enzymatic hy-
drolysis, fermentation as well as the digestion in the gastrointestinal 
tract. Enzymatic hydrolysis has the highest yield for the production of 
BAPs having high biofunctional properties, since the enzymes act spe-
cifically and requires low reaction time. Commercial protease enzymes 
used for enzymatic hydrolysis of proteins originate from animal, plant or 
microbial source, the latter is safe, more efficient and less expensive 
(Rani, Pooja, & Pal, 2018). Alcalase has been used in many reports as the 
hydrolysis enzyme for cereal proteins, while some limitations such as 
low degree of hydrolysis (DH) and long-time reaction have restricted its 
widespread applications. Combination of Alcalase with physical treat-
ments such as microwave, high pressure and ultrasound has been 
considered as a promising strategy to improve the efficiency of enzy-
matic hydrolysis. These physical pretreatments may lead disintegration 
of protein structure which increases the effective collision of the enzyme 
and the substrate during enzymatic hydrolysis. Ultrasound technology is 
a relatively new non-thermal physical method and its mechanism of 
action is based on the mechanical and thermal effects of cavitation. 
Ultrasound treatment causes breaking the cross-links in the protein 
structure, which in turn may increase the interaction between the sub-
strate and the enzyme (Li, Yang, Zhang, Ma, Liang, et al., 2016). 
This study conducts the generation of a series of peptides from rice 
industry co-product, i.e., RB protein (RBP), using a combination of 
physical-enzymatic method (ultrasound-Alcalase). The hydrolysates 
from this treatment were compared in terms of physicochemical, 
structural and biological activities (antioxidant and lipase inhibitory 
activity). 
2. Materials and methods 
2.1. Materials 
Lenjan RB was from a local Kamfiruz Rice company (Shiraz, Iran). All 
the chemicals and reagents were of analytical grade and purchased from 
Merck Co (Darmstadt, Germany). 
2.2. Composition analysis 
Moisture content of RB was determined according to AOAC (2000). 
Protein and lipid content were determined according to Connolly, Pig-
gott, and FitzGerald (2013) with slight modifications. For protein 
determination, 0.5 g of sample was digested by sulphuric acid (50 mL) 
with catalyst tablets. Two digestion steps were conducted including 
initial step (30 min, at 220 ◦C) and second step (120 min, at 420 ◦C). 
Samples were cooled down and the distillation was performed using an 
Auto-Kjeldahl apparatus (BUCHI Labortechnik AG, Flawil, Switzerland). 
Lipid content of samples was examined using Soxhlet extraction. Sample 
(1.0 g) was dried and milled. The lipid content was extracted by hexane 
(100 mL) during 6 h of extraction at 68 ◦C. The extracted lipid was 
evaporated using a rotary evaporator. 
2.3. Production of rice bran protein (RBP) 
RB was defatted according to Uraipong and Zhao (2016). The 
defatted RB (DFRB) was placed under the fume hood overnight. The 
resultant was kept at − 20 ◦C for further analysis. The protein content of 
DFRB was determined as outlined in section 2.2. 
Ultrasonic bath pretreatment was used as an aid for the extraction of 
protein from RB according to ̇Işçimen and Hayta (2018). This step was to 
disintegrate the RB cell walls using the cavitation effect, which accel-
erates and increases the protein extraction yield. The operating pa-
rameters for ultrasonic bath (Beijing Ultrasonic, Beijing, China) was 
considered as follows: power, 180 w; frequency, 40 kHz; and duration, 
30 min. 
To extract the proteins, DFRB was initially pretreated using ultra-
sonic bath and then dispersed in distilled water at a ratio of 1:10 (w/v). 
The pH of the suspension was adjusted to pH 10.0 using 1.0 M NaOH. 
After stirring for 4 h at room temperature, the suspension was centri-
fuged (Froilabo-SW14R, Meyzieu, France) at 5000 g and 4 ◦C for 10 min. 
The pH of the supernatant was adjusted to pH 4.6 using 1.0 M HCl to 
precipitate the protein, centrifuged again at 5000 g and 4 ◦C for 10 min. 
The precipitate was re-suspended (1:10, w/v), then the pH was adjusted 
to pH 7.0 and lyophilized using a freeze-dryer. A control was considered 
to be a sample without treated in ultrasonic bath. The resulting powder 
was RB protein extract (RBPE) which stored at − 20 ◦C until further use. 
The protein content of RBPE was determined as outlined in section 2.2. 
The protein extraction yield was calculated using the following 
equation: 
(%) protein extraction yield =
protein content of RBPE (g)
protein content of DFRB (g)
× 100  
2.4. Preparation of RBP hydrolysate (RBPH) 
RBPE was mixed with distilled water in a ratio of 1:25 (w/v) and 
stirred at 25 ◦C for 30 min (Li, Yang, Zhang, Ma, Qu, et al., 2016). The 
pH of the mixture was then adjusted to pH 8.5 using 1.0 M NaOH. Ul-
trasonic treatment was performed on the samples as a strategy to assist 
the enzymatic hydrolysis. This treatment was conducted using Sonoplus 
ultrasonic homogenizer (HD3200, 20 kHz, BANDELIN electronic GmbH 
& Co. KG, Berlin, Germany) equipped with an ultrasound probe. A 
constant frequency of 20 kHz and 70% amplitude at pulse mode (2s on 
and 2s off) was considered as the operating conditions of this setup. 
During the sonication, the protein-dispersing container was placed in an 
ice container to prevent temperature increase. Two variables, i.e., the 
duration of ultrasonic treatment (10, 25 and 40 min) and the power (50, 
100 and 150 w) were considered for the optimization of this process. A 
control was a sample subjected only to the enzymatic hydrolysis without 
ultrasonication. The range of values of the two independent variables 
(time and power) was selected based on the preliminary experiments. 
The antioxidant and lipase inhibitory activities were considered as the 
outputs required for the optimization of the ultrasonication process. The 
optimization of the resultant samples was performed independently in a 
fully randomized and factorial design based on the highest biological 
(antioxidant and lipase inhibitory) activities. The optimized condition 
that achieved form this information was used for further analysis. 
Alcalase was used for the enzymatic hydrolysis of RBPE. The Alcalse 
activity was measured as described by Kouhdasht, Moosavi-Nasab, & 
Aminlari (2018). To generate the hydrolysates, the protein solution (pH 
8.5) was initially incubated in a shaking incubator at 55 ◦C and 70 rpm 
for 10 min (Thamnarathip, Jangchud, Nitisinprasert, & ). Alcalase 
enzyme (1% w/w) was then added to the sample. The solution was 
placed in a shaking incubator at pH 8.5, 55 ◦C and 70 rpm for 4 h. After 
that, the enzyme was inactivated by heating the sample at 90 ◦C for 10 
min in a water bath, then it was cooled at room temperature. The sample 
P. Fathi et al.                                                                                                                                                                                                                                    
Food Bioscience 42 (2021) 101110
3
was centrifuged (5000 g, 4 ◦C, 10 min) and the supernatant was 
collected, filtered through a 0.45 μm syringe filter and then passed 
through a 10 kDa ultrafilter unit (UF filter). The peptides with the mo-
lecular weight (MW) < 10 kDa were separated, dried and stored at 
− 20 ◦C until further use. The retentate (MW > 10 kDa) was prepared for 
the high performance liquid chromatography (HPLC) analysis. 
2.5. Analysis of hydrolysates 
2.5.1. Determination of the degree of hydrolysis (DH) 
The hydrolysed samples were examined for the DH analysis using 
TNBS (Trinitrobenzenesulfonic acid) method according to Adler-Nissen 
(1976). Leucine was used as the standard. Briefly, 250 μL sample of 
non-hydrolysed protein, hydrolysed protein and standard L-Leucine so-
lution (0–2 mmol/L), 2.0 mL phosphate buffer (0.2 mol/L, pH 8.2) and 
2.0 mL of 0.1% TNBS solution were mixed, shaken and then placed in a 
water bath (50 ◦C) in dark for 60 min. The reaction was terminated by 
the addition of 4 mL HCl (0.1 M) and then the samples hold in dark at 
room temperature for 30 min. To measure the free amines, the absor-
bance was recorded at λ = 340 nm using a microplate reader (BioTek, 




× 100  
where AN2 represents the free amine content of the hydrolysed sample, 
AN1 represents the free amine content of non-hydrolysed sample and 
Npb represents the nitrogen content of the peptide bonds in a primary 
sample. 
2.5.2. Measurement 2,2-diphenyl-1-picrylhydrazyl free radical (DPPH•) 
scavenging activity 
The DPPH• scavenging activity measurement was used for the 
determination of antioxidant activity (Phongthai, Lim, & Rawdkuen, 
2016). Aliquot of 0.1 mM DPPH (1 mL) dissolved in 95% methanol was 
mixed with 0.25 mL sample solution. The mixture was shaken vigor-
ously and then incubated in dark at room temperature for 30 min. The 
absorption against the control sample was recorded at λ = 517 nm using 
a microplate reader (BioTek, Winooski, Vermont, US). The level of 
DPPH• scavenging activity was calculated as follows: 
DPPH• ​ scavenging ​ activity ​ (%)= (AControl ​ –ASample ​
AControl ​
) × 100  
where, the AControl ​ and the ASample ​ are the absorbance of the control and 
the sample at λ = 517 nm, respectively. 
2.5.3. Lipase inhibitory activity assay 
Lipase inhibitory activity assay was performed on the RBPE and 
RBPH according to Ambigaipalan, de Camargo, and Shahidi (2017) with 
some modifications. At first, 5 mg of lipase enzyme was dissolved in 1.0 
M Tris-HCl buffer solution (pH 8.5). Then, 100 μL of the sample solution 
(final concentration of 3 mg/mL) was added to 4 mL of 1.0 M Tris-HCl 
buffer (pH 8.5) and 100 μL of lipase solution. This was incubated at 
37 ◦C for 25 min. The substrate solution (i.e., 5 mM palmitate) was 
prepared in dimethyl sulfoxide (DMSO):ethanol (1:1). To start the re-
action, 100 μL of 5 mM palmitate solution was added to the reaction 
mixture and incubated at 37 ◦C for 25 min. Finally, the absorbance of the 
sample at λ = 412 nm was recorded using a microplate reader (BioTek, 
Winooski, Vermont, US). Blank sample was considered to be a sample 
which followed the previous steps without the addition of enzyme. The 
control blank was a sample without addition of inhibitor and enzyme. 
Lipase inhibition activity was calculated according to the following 
formula: 
Lipase ​ inhibition ​ (%)= (
ASample ​ –ASample ​ blank ​
AControl ​ –AControl ​ blank ​
) × 100  
where, the ASample ​ , ASample ​ blank ​ , AControl and AControl ​ blank ​ are the 
absorbance of the sample, sample blank, control, and control blank, 
respectively (λ = 412 nm). 
2.5.4. Molecular weight (MW) distribution of proteins and peptides and 
high performance liquid chromatography (HPLC) analysis 
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS- 
PAGE) was used to investigate the MW profiles of proteins and hydro-
lysates obtained with or without ultrasonication (Mirzapour-Kouhdasht 
et al., 2020). For this, the protein solutions were mixed with a sample 
buffer (0.125 M Tris–HCl, pH 6.8, 4% SDS and 20% glycerol). Samples 
with ~15 μg protein were loaded onto each lane of the gel (10% sepa-
ration gel and 4% stacking). The samples were subjected to electro-
phoresis at a constant current of 15 mA/gel. The gels were stained 
overnight with a solution of 0.02% (w/v) Coomassie Brilliant Blue R-250 
in 50% (v/v) methanol and 7.5% (v/v) acetic acid. The gels were firstly 
destained with 50% (v/v) methanol and 7.5% acetic acid for 40 min and 
then were further de-stained with 5% (v/v) methanol and 7.5% (v/v) 
acetic acid for 20 min. 
HPLC analysis was performed using KNAUER AZURA liquid chro-
matography (KNAUER, Berlin, Germany) to evaluate the protein mass 
distribution of RBPE and RBPH (divided into the 10 kDa UF membrane 
retentate and filtrate). The samples were dissolved in distilled water 
(0.25% w/v), then filtered through 0.22 μm syringe filters and passed 
through a polymeric gel filtration column (2.6 × 40 cm). Peptides were 
eluted using a linear gradient of acetonitrile (0–100%) containing 0.1% 
trifluoroacetic acid (TFA) with a flow rate of 1.5 mL/min. The detection 
wavelength was 214 nm. 
2.5.5. Fourier-transform infrared spectroscopy (FTIR) 
The chemical structure of protein mixture of the samples obtained 
after ultrasound treatment and also samples after enzymatic hydrolysis 
in powder form were studied using FTIR technique. The absorbance of 
the samples in a wavelength range of 2500–400 cm− 1 was recorded 
using FTIR (Tensor II, Bruker, Ettlingen, Germany). 
2.5.6. Structure analysis of RBP using ultraviolet–visible (UV–Vis) 
spectrophotometry 
Protein samples obtained after ultrasound treatment and after 
enzymatic hydrolysis were dissolved in 0.01 M phosphate buffer solu-
tion (pH 8.0) to reach a final concentration of 2.0 mg/mL. Absorption of 
the UV–Vis region of the solutions in a quartz cell (1.0 cm) was recorded 
in the wavelength range of 200–400 nm using a spectrophotometer 
(PerkinElmer UV–VIS–NIR, Santa Clara, US) at 25 ◦C. The scanning 
speed of 60 nm/min and a bandwidth of 2.0 nm was considered for this 
experiment. Blank was 0.01 M phosphate buffer solution (pH 8.0) (Li, 
Yang, Zhang, Ma, Liang, et al., 2016). 
2.6. Statistical analysis 
All experiments were performed in a fully randomized and factorial 
design and the means (n = 3) were compared with Duncan test at the 
level (P < 0.05). Excel software was used to draw the graphs. SAS V 9.1 
software was used for the statistical analysis of quantitative data. 
3. Results and discussion 
3.1. Composition analysis and protein extraction recovery 
Moisture, fat and protein contents of RB were determined to be 
9.37%, 19.74% and 15.82%, respectively. The fat content in DFRB was 
4.26%, showing ~80% reduction obtained using the Soxhlet defatting 
method. In general, the chemical composition of RB varies depending on 
the growing conditions, irrigation, fertilization, etc (Amissah, Ellis, 
Oduro, & Manful, 2003; Iqbal, Bhanger, & Anwar, 2005). Recently, the 
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moisture, fat and protein content of RB in a study by Bagchi, Sharma, 
and Chattopadhyay (2016) were reported to be 12.28%, 14.12% and 
13.29%, respectively. The moisture, fat and protein content of RB in 
another study by İşçimen and Hayta (2018) were reported to be 10.6%, 
15.5% and 10.6%, respectively. 
The protein content of RB, DFRB, RBPE obtained after alkaline 
extraction along with the protein content of RBPE obtained after ultra-
sonic assisted-alkaline extraction are given in Table 1. 
Singh, Siddiqi, and Sogi (2019) reported the protein content of DFRB 
to be 20%, while this value was 67.59% for RBPE (without using ul-
trasound prior to alkaline extraction). In a research by Phongthai, Lim, 
and Rawdkuen (2017) the protein content of DFRB was 14.13% and 
RBPE (using ultrasonic prior to alkaline extraction) was 72.06%. The 
results in these studies are similar to the results herein. By comparing the 
protein content of RBPE obtained after alkaline extraction and RBPE 
obtained after ultrasonic assisted-alkaline extraction, it was observed 
that the ultrasonic bath treatment significantly (p < 0.05) increased the 
protein recovery. The recovery yield after alkaline extraction was 31.30 
± 0.16%, while it was 35.77 ± 0.29% when ultrasonic bath was used 
prior to alkaline extraction. The higher extraction yield observed in the 
case of ultrasonic aided strategy may associate with the destruction of 
the cell wall of RB as a result of cavitation. The results are in agreement 
with Chittapalo and Noomhorm (2009) who observed the disintegration 
of the cell wall of RB by ultrasound. Furthermore, in a study by 
Phongthai, Lim, and Rawdkuen (2017), the application of ultrasound 
prior to protein extraction resulted in 62% increase in protein extraction 
efficiency. 
3.2. Effect of ultrasound-Alcalase combination on the DH 
The activity of Alcalase enzyme used in this research during enzy-
matic hydrolysis of the treatments was measured to be 345.9 U/mL. In a 
study by Mirzapour-Kouhdasht, Moosavi-Nasab, and Aminlari (2018), 
the protease activity of extracted protease from Bacillus licheniformis was 
reported to be 283.70 U/mL. Pant et al. (2015) found the protease ac-
tivity of extracted protease from Bacillus subtilis equal to 243.28 U/mL. 
Table 2 represents the results of the DH (%) of the hydrolysates. By 
increasing the ultrasonication time from 10 to 40 min, the DH of the 
samples increased. Also, by increasing the power of the ultrasound from 
50 to 150 w, the DH of the samples increased. Among all tested samples, 
the application of ultrasound at 150 w - 40 min had the highest DH and 
the application of ultrasound at 10 min - 50 w had the lowest DH. In 
addition, a comparison between the ultrasound treated samples with the 
control sample (without ultrasound treatment) showed that all ultra-
sound treated samples had higher DH than the control sample. This 
result was similar to the reports by Zhou et al. (2013) used ultrasound 
prior to enzymatic hydrolysis on wheat germ protein; Jin et al. (2015) 
used ultrasound prior to enzymatic hydrolysis on corn gluten; and Li, 
Yang, Zhang, Ma, Liang, et al. (2016) used ultrasound prior to enzymatic 
hydrolysis on rice protein. The effect of ultrasound on DH has contrib-
uted to the disintegration of protein bonds such as disulfide and 
hydrogen bonding and also strong solute-matrix interactions, which 
include Van de Waals forces, hydrogen bonds and dipole attractions 
between the molecules. Thus, the application of ultrasound before 
enzymatic hydrolysis caused more destruction of the protein structure 
and increasing the effective collision of enzyme and substrate during the 
enzymatic hydrolysis reaction (Li, Yang, Zhang, Ma, Liang, et al., 2016). 
Therefore, the application of ultrasound prior to enzymatic hydrolysis 
resulted in a higher DH. 
3.3. Measurement of antioxidant activity using DPPH• scavenging method 
The potential of hydrolysed and non-hydrolysed samples to scavenge 
DPPH• were analysed. The results of the antioxidant activity of the 
samples are given in Table 2. It was observed that the antioxidant 
properties of all RBPHs were significantly higher than those of non- 
hydrolysed samples. Therefore, enzymatic hydrolysis significantly 
increased the antioxidant activity of hydrolysates comparing to the 
native proteins. This may attribute to the small peptides and some 
specific AAs, especially aromatic AAs such as tyrosine, histidine, methi-
onine and phenylalanine, possibly released during enzymatic hydrolysis 
(Phongthai et al., 2016). 
According to the results herein, the antioxidant activity of the sam-
ples decreased on the increase of the ultrasound duration from 10 to 40 
min. In addition, the antioxidant activity of the samples decreased on 
the increase of the ultrasonic power from 50 to 150 w. Among the 
samples, ultrasound treated sample at 50 w - 10 min had the highest and 
the one treated at 150 w - 40 min had the lowest antioxidant activity. 
The results showed that the application of ultrasound prior to enzymatic 
hydrolysis enhanced the antioxidant activity at a certain range of 
duration-power. High power and long duration decreased the antioxi-
dant activity. The half maximal inhibitory concentration (IC50) value of 
Table 1 
Protein content of different samples obtained from rice bran.  
Sample Protein Content (%) 
RB 15.82±0.36a  
DFRB 18.53±0.59b  
RBPE obtained after alkaline extraction 63.49±0.32c  
RBPE obtained after ultrasonic bath assisted-alkaline 
extraction 
71.13±0.59d  
Different letters indicate significant differences in column (P < 0.05). Values are 
the mean ± standard deviation (SD) (n = 3). RB, rice bran; DFRB, defatted rice 
bran; RBPE, rice bran protein extract. 
Table 2 
Degree of hydrolysis (DH%), 2,2-diphenyl-1-picrylhydrazyl free radical (DPPH•) 
scavenging activity (%) and lipase inhibition activity (%) of rice bran hydroly-
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±
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77.11 ± 0.97d 53.64 ±
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50 10 19.45 
±
0.48f 
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75.17 ± 0.87e 46.35 ±
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150 10 20.51 
±
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72.98 ± 0.37f 44.04 ±
0.98g 
Different letters indicate significant differences in each column (P < 0.05). 
Values are the mean ± SD (n = 3). 
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the hydrolysate obtained using ultrasonication (50 w - 10 min)-Alcalase 
combined hydrolysis method was 1.41 mg/mL. 
In a study by Yi, De Gobba, Skibsted, and Otte (2017), the highest 
antioxidant activity of Ctenopharyngodon idella fish skin hydrolysates 
with a DH range of 4.0–11.9% was found for the hydrolysates with a DH 
of 6.5%. In addition, in a study by Klompong, Benjakul, Kantachote, and 
Shahidi (2007) different Selaroides leptolepis fish protein hydsolysates 
within a DH range of 5–25% were obtained. Among these hydrolysates, 
the sample with a DH of 15% had the highest antioxidant activity. 
Previously, it was shown that the medium-sized peptides had a higher 
ABTS•/DPPH• scavenging activity compared to the small peptides (Yi 
et al., 2017). 
3.4. Measurement of lipase inhibitory activity 
The lipase inhibitory activity of RBPE and its hydrolysates was 
evaluated by hydrolysis of 4-nitrophenyl palmitate (as the substrate) 
and measurement the release of 4-nitrophenol using the spectropho-
tometry (λ = 410 nm) method. This analysis was performed to compare 
the lipase inhibitory activity of RBPE and RBPH at a concentration of 3 
mg/mL. At this concentration, RBPE prior and after ultrasound (50 w - 
10 min) treatment did not show lipase inhibitory activity. The presence 
of fat and the absence of potential peptide to interact with lipase enzyme 
are possibly the main reasons for the failure of RBPE to inhibit lipase 
enzyme. 
The lipase inhibitory activity of RBPH generated in different treat-
ment conditions using ultrasonication-Alcalase hydrolysis process was 
compared. The results of the lipase inhibitory activity of the samples are 
shown in Table 2. According to the results, by increasing the ultrasound 
duration from 10 to 40 min, lipase inhibitory activity of the samples 
decreased. Similarly, by increasing the ultrasound power from 50 to 150 
w, the lipase inhibitory activity of the samples decreased. Among the 
samples, hydrolysates obtained from the ultrasonication at 50 w - 10 
min combined with Alcalase hydrolysis had the highest, while that ob-
tained from the ultrasonication at 150 w - 40 min combined with 
Alcalase hydrolysis had the lowest lipase inhibitory activity. It was 
observed that the samples sonicated at a higher power (>50 w) for 
longer duration (>10 min) had lower lipase inhibitory activity 
compared to the control sample. In a study on lipase inhibitory activity 
of peptides obtained using chymotrypsin and trypsin hydrolysis of whey 
proteins of camel milk, it was reported that sample with a DH of 25% 
had the highest lipase inhibitory activity among those with a DH range 
of 11.0–47.5% (Jafar, Kamal, Mudgil, Hassan, & Maqsood, 2018). 
Accordingly, it can be concluded that increasing the DH to some extent 
may enhance lipase inhibitory activity while higher than a certain level 
may have an adverse effect. The optimal DH level for lipase inhibition 
activity was DH 19.45 ± 0.48%. The lipase inhibitory was reduced for 
the RBPHs having a DH higher than this value. The IC50 value for lipase 
inhibitory activity of the RBPH obtained from ultrasonication at 50 w – 
10 min in combination with Alcalase enzymatic hydrolysis was 2.58 
mg/mL. 
Pancreatic lipase is a key enzyme responsible for the absorption of 
triglycerides in the small intestine. A promising strategy to prevent 
obesity and hyperlipidemia is inhibiting the pancreatic lipase activity 
using potential BAPs. Very few studies have been performed on the 
lipase inhibitory activity of plant proteins and protein hydrolysates. 
Ngoh, Choi, and Gan (2017) reported that peptides obtained from the 
hydrolysis of Pinto bean proteins using pepsin had high lipase inhibitory 
activity. To our knowledge, this is the first report on the potential of RB 
proteins and hydrolysates on the lipase inhibition. The present report 
showed that the hydrolysis of RB proteins at above mentioned condi-
tions may result in the generation of lipase-inhibiting peptides. The 
mechanism of action of BAPs for lipase inhibition could follow the 
competitive and/or non-competitive (Rahim, Takahashi, & Yamaki, 
2015). However, to ensure the mode of inhibition, in silico analysis needs 
to be performed. 
Given the results of antioxidant and lipase inhibitory activity in this 
study, the hydrolysate obtained from ultrasonication treatment at 50 w - 
10 min in combination with Alcalase hydrloysis treatment was selected 
for the in-depth physicochemical and structural characterization. 
3.5. Molecular characterization of RBPH 
3.5.1. Investigation of MW distribution of proteins and peptides from RB 
using electrophoresis 
The SDS-PAGE protein profiles of RBPE, RBPE after ultrasonication 
(50 w – 10 min), RBPH obtained after Alcalase hydrolysis without 
ultrasonication and RBPH obtained after ultrasonication at 50 w – 10 
min following the Alcalase hydrolysis are shown in Fig. 1. It was 
observed that the protein profiles of RBPE before and after ultra-
sonication were similar. On the protein profile of RBPEs, seven main 
protein bands with MW of 19, 26, 28, 31, 44, 50 and 61 kDa were 
associated with prolamine, globulin, basic subunits of glutelin, acidic 
subunits of glutelin, albumin, albumin and proglutelin, respectively. 
This observation was similar to the study by Xia et al. (2012) on rice 
proteins. Also, the observation herein was similar to the studies by 
Phongthai et al. (2016) and Phongthai, Homthawornchoo, and Raw-
dkuen (2017). Chanput, Theerakulkait, and Nakai (2009) also found 
RBPs with a MW in a range of 10–60 kDa. Comparison of protein pat-
terns of RBPE before and after ultrasonication (50 w – 10 min) showed 
that the application of ultrasound on RBP did not lead to a significant 
effect on the protein profile. 
In addition, all protein bands were vanished in the cases of both 
RBPH samples (with or without sonication), suggesting a high extent of 
protein hydrolysis as a result of Alcalase treatment. This observation was 
Fig. 1. SDS-PAGE image of 1) protein marker; 2) rice bran proteins; 3) rice 
bran protein hydrolysate obtained from Alcalase treatment; 4) rice bran protein 
hydrolysates obtained from ultrasonication (50 w - 10 min) in combination 
with Alcalase treatment; and 5) ultrasonicated (50 w - 10 min) non-hydrolysed 
rice bran proteins. 
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in agreement with the studies by Phongthai et al. (2016) and Phongthai, 
Lim, and Rawdkuen (2017). These authors generated the RBPHs using 
Alcalase with a DH of 15 and 20%. Thamnarathip et al. (2016) obtained 
RBPH using Alcalase with a duration of 2 h hydrolysis and DH > 12.5% 
showing that the MW of all peptides was <15 kDa. 
3.5.2. HPLC analysis 
HPLC analysis was performed to compare the protein profile of the 
RBPE before (Fig. 1S, supplementary data) and after ultrasonication and 
enzymatic treatment. Fig. 2 a-f show the chromatograms of RBPs at 
different stages. The majority of intact format appeared during the 
retention time of 1.5–6.8 min with a dominant peak at 2.15 min. A shift 
was observed on the chromatogram for the ultrasonicated (50 w, 10 
min) sample ranging from 1.8 to 11.7 min with a main peak at t = 2.56 
min. This shift may be attributed to the partial disintegration of the 
protein structure by the effect of cavitation during ultrasound applica-
tion. A significant difference between the hydrolysates and non- 
hydrolysed samples was observed in terms of the elution time. The hy-
drolysates eluted at later time were associated with the smaller protein 
and peptide fragments. The majority of RBPH with MW > 10 kDa (10 
kDa UF membrane retentate) without ultrasonication was eluted within 
6.5–10.8 min with a dominant peak at 7.33 min, while the main com-
ponents of RBPH with MW > 10 kDa with ultrasonication (50 w, 10 min) 
were eluted during 7.0–12.6 min with a main peak at 7.61 min. Delayed 
retention time in the case of RBPH which obtained using a combination 
of ultrasonication-Alcalase hydrolysis in comparison with those ob-
tained only by Alcalase hydrolysis may be due to a higher DH and also 
the structural impact from ultrasonication, as earlier noted. Another 
sample injected to HPLC was corresponded to the hydrolysates after 
removal of the molecules with MW > 10 kDa. The main components of 
RBPH without ultrasonication having MW < 10 kDa eluted in the time 
range of 9.7–22.7 min with a main peak at 18.76 min, while by the 
application of ultrasonication (50 w - 10 min) the elution time ranged 
20.0–35.5 min and the major peak appeared at 20.61 min. Samples with 
low MWs were expectedly eluted with a delayed retention time. 
3.5.3. FTIR spectroscopy of RBP 
The effect of ultrasound treatment and enzymatic hydrolysis on the 
RBP functional groups was studied using FTIR spectroscopy. As shown in 
Fig. 3, the peak position of the amide I, II and III was shifted. The peak 
associated with amide I shifted from 1638.26 cm− 1 observed for RBPE 
(Fig. 3, blue color) to 1639.69, 1649.69 and 1651.12 cm− 1 for the 
ultrasonicated (50 w - 10 min) RBPE (Fig. 3, red color), RBPH without 
ultrasonication (Fig. 3, gray color) and RBPH obtained from 
ultrasonication (50 w - 10 min)-Alcalase combined treatment (Fig. 3, 
green color), respectively. This shift showed that some sections of 
β–sheet structure of RBP was converted to α-helix or random coil. For 
amide II, the peak shifted from 1541.14 cm− 1 observed for RBPE to 
1539.71, 1533.99 and 1532.57 cm− 1 for ultrasonicated (50 w - 10 min) 
RBPE, RBPH without ultrasonication and RBPH obtained from ultra-
sonication (50 w - 10 min)-Alcalase combined treatment, respectively. A 
shift in wavenumber in this range may indicate that some sections of the 
random coil of RBP has been converted to β-sheet. The peak position of 
amide III was transferred from 1256.90 cm− 1 observed for RBPE with 
and without ultrasonication to 1245.48 and 1242.62 cm− 1 for RBPH 
without ultrasonication and RBPH obtained from ultrasonication (50 w - 
10 min)-Alcalase combined treatment, respectively. The decrease in 
wavenumber in this range indicated a slight change within the structure. 
These observations were in agreement with the FTIR results reported by 
Li, Yang, Zhang, Ma, Qu, et al. (2016) and Yang et al. (2017) which 
examined the effect of ultrasound before enzymatic hydrolysis of rice 
protein. 
Alteration of amide I, II and III indicated that the protein structure of 
RB has changed at the secondary structure level as a results of ultra-
sonication and enzymatic hydrolysis. Two different models have been 
suggested for the alternations in the secondary structure. According to 
the first model, amide changes may be attributed to the conversion of 
the amide group to carboxyl, which increases the negative charge and 
relatively decreases the amount of intramolecular hydrogen bonding. As 
a result, the electrostatic repellent effects increased. According to the 
second model which may be associated with ultrasound treatment, it is 
suggested that the bonds between AA sequences and between different 
parts of the protein molecule such as disulfide bonds (Jin et al., 2015) 
may be broken. In general, ultrasound and enzymatic hydrolysis treat-
ments may weaken the RBP bonds and reduce the internal disulfide 
bonds and polar hydrogen bonds. According to the FTIR results herein 
and the results of circular dichroism spectroscopy and AA analysis in 
Fig. 2. HPLC chromatograms of a) rice bran protein extract (RBPE); b) Ultra-
sonicated (50 w, 10 min) RBPE; c) rice bran protein hydrolysate (RBPH) ob-
tained from Alcalase treatment with molecular weight (MW) > 10 kDa; d) 
RBPH obtained from ultrasonication (50 w, 10 min)-Alcalase combined treat-
ment with MW > 10 kDa; e) RBPH obtained from Alcalase treatment with MW 
< 10 kDa; and, f) RBPH obtained from ultrasonication (50 w, 10 min)-Alcalase 
combined treatment with MW < 10 kDa. 
Fig. 3. FTIR spectra of rice bran protein extract (RBPE) (blue color); ultra-
sonicated (50 w, 10 min) RBPE (red color); RBPH obtained from Alcalase 
treatment with MW < 10 kDa (gray color); and RBPH obtained from ultra-
sonication (50 w, 10 min)-Alcalase combined treatment with MW < 10 kDa 
(green color). (For interpretation of the references to color in this figure legend, 
the reader is referred to the Web version of this article.) 
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previous studies on the effect of ultrasonication prior to enzymatic hy-
drolysis of rice proteins (Li et al., 2016a, 2016b), the changes in the 
secondary structure may enhance the water solubility of rice protein, 
increase the DH and accelerate the enzymatic hydrolysis. 
3.5.4. Ultraviolet–visible (UV–Vis) spectrophotometry 
Ultraviolet absorption spectrophotometry in a range of 250–350 nm 
is an indication for aromatic AAs such as phenylalanine, tyrosine and 
tryptophan in proteins. Fig. 4 shows UV–Vis spectrophotometry of RBP. 
Absorption at 257, 275 and 279 nm was associated with phenylalanine, 
tyrosine and tryptophan, respectively (Li, Yang, Zhang, Ma, Liang, et al., 
2016). It was observed that ultrasonication enhanced the absorption 
intensity at the above mentioned wavelengths. It was also observed that 
hydrolysis enhanced the absorption intensity at this range of wave-
lengths. This may be due to the release of hydrophobic groups that were 
predominant in the central regions of the protein or the secondary 
structure changes in the intact samples. Previously, the application of 
ultrasound has shown to cause protein unfolding (Li, Yang, Zhang, Ma, 
Liang, et al., 2016). Similar UV–Vis spectrophotometric findings were 
reported for corn protein subjected to ultrasound before enzymatic hy-
drolysis (Jin et al., 2015). Li, Yang, Zhang, Ma, Liang, et al. (2016) also 
observed similar result for the hydrolysates from the rice protein ob-
tained using ultrasound-enzymatic hydrolysis. 
4. Conclusion 
Rice bran (RB) is a co-product from rice processing factories. The aim 
of this study was to generate RB protein hydrolysates (RBPH) and 
investigate the physicochemical, structural and biological characteris-
tics of the RB derived hydrolysates. To this end, protein extraction was 
performed using an ultrasound bath as a pretreatment step (to increase 
the yield of extraction) following by the alkaline extraction. The 
extracted proteins were subjected to a combined ultrasonication- 
Alcalase hydrolysis process. To perform the ultrasonication, the dura-
tion and the power of the system were optimized according to the 
antioxidant and lipase inhibitory activities. The results demonstrated 
that the highest biological activities were associated with the RBPH 
generated with a combination of ultrasonication (50 w, 10 min)-Alcalase 
treatment. The molecular structure of RBPH obtained at the optimized 
conditions was assessed. Alteration of amide I, II and III positions as a 
result of ultrasonication was observed using FTIR along with the UV–Vis 
spectrophotometry result which showed an increase within the intensity 
of UV–Vis absorption. This indicated that RB protein structure was 
altered at the secondary structure level. These data were supported by 
the physicochemical (SDS-PAGE, HPLC, DH analysis) results which 
showed that the application of ultrasonication in combination with 
Alcalase treatment resulted in the generation of a set of hydrolysates 
with different protein profiles, lower DH and having peptides with lower 
MW. The results of this study suggest that RB protein can be considered 
as an economically valuable co-product from rice industry with a po-
tential to be used as a source of BAPs and for the formulation of 
nutraceuticals. Also, the application of ultrasound before the enzymatic 
hydrolysis could have a positive impact on the generation of BAPs with 
higher activities. Studying the digestibility of RBPH is required for the 
confirmation of possible health-promoting effects. 
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